Background: The oil palm (Elaeis guineensis Jacq.) is a perennial monocotyledonous tropical crop species that is now the world's number one source of edible vegetable oil, and the richest dietary source of provitamin A. While new elite genotypes from traditional breeding programs provide steady yield increases, the long selection cycle (10-12 years) and the large areas required to cultivate oil palm make genetic improvement slow and labor intensive. Molecular breeding programs have the potential to make significant impacts on the rate of genetic improvement but the limited molecular resources, in particular the lack of molecular markers for agronomic traits of interest, restrict the application of molecular breeding schemes for oil palm.
Background
Oil palm (Elaeis guineensis Jacq.), a perennial monocotyledonous tropical crop species that belongs to the family Arecaceae, is now the world's number one source of edible vegetable oil, and also the richest dietary source of provitamin A. While the worldwide demand for palm oil increases each year, new elite genotypes from traditional breeding programs provide a yield increase of only 1% per year and the long selection cycle (10-12 years) makes genetic improvement slow [1] . Furthermore, to increase overall oil productivity without new expansion of oil palm cultivation in tropical forest regions with high biodiversity, there is a great need to develop molecular markers for molecular assisted breeding programs targeted to facilitate genetic improvement in yield, and as markers of other important agronomic characters of interest.
Microsatellite markers or simple sequence repeats (SSRs) are tandem DNA repeats from 1-6 bp that are found throughout the coding and non-coding regions of eukaryotic genomes. Non-coding SSRs are often highly polymorphic, co-dominant and simple to detect, and therefore easily adapted to use in high-throughput PCRbased genotyping. They have also been developed for a wide number of crop species and used for various important applications such as genome mapping, diversity studies, and QTL analysis [2] . Due to their highly polymorphic nature, non-coding SSRs are especially useful for fingerprinting or varietal identification studies, but have limited use for studies with more distantly related species [3] . While SSRs derived from non-coding genomic DNA are not transcribed, SSRs identified within transcript sequences can be associated to a function and linked more easily to a phenotypic trait of interest, making them useful for functional diversity studies [2, 3] . In addition, ESTs within genic regions are more transferable for use in diversity studies with more distantly related species. Furthermore, the presence of SSRs in transcribed regions can result in changes in function, transcription or translation. Indeed, SSRs in the coding regions that result in amino acid changes can cause either gain or loss of function, while the presence of SSRs in the 5'UTR can affect transcription or translation, and SSRs in the 3'UTR can affect splicing [3] [4] [5] .
In the case of oil palm, previous studies have reported the identification of putative SSRs within available EST data [6] [7] [8] . However, very few EST-SSRs have been tested nor their usefulness been compared with SSRs identified from the non-coding parts of the genome [9, 10] . Indeed, the genetic maps available for oil palm are mainly based on anonymous non-coding SSRs, AFLPs or RAPDs [9, [11] [12] [13] [14] . The oil palm EST-SSRs identified thus far that reveal polymorphisms are mainly from genes that lack similarity with known sequences or encode proteins with unknown function [7, 8] . In fact, in these two recently published articles from oil palm, only two EST-SSRs reported were similar to sequences with known functions. Furthermore, the RNAs used to produce the ESTs for those SSR searches were derived from a narrow range of tissue sources, mainly in vitro materials [6] [7] [8] . Despite the relatively low number of EST-SSR markers developed for oil palm, the few that have been tested for interspecies transferability indicate great promise for utilization for comparative genomic studies [7, 8] . Therefore, a strategy to identify EST-SSRs is not only important for diversity studies as a basis for molecular breeding strategies with oil palm, but in addition, markers in conserved coding regions allow easy transferability to other species within the Arecaceae family and provide tools for evolutionary and functional diversity studies [3] [4] [5] .
The current study has the objective to identify SSRs in ESTs derived from oil palm and to evaluate their utility as molecular markers with plant material used in genetic improvement programs. In particular, we focused on the identification of SSRs in ESTs that originate from developing vegetative and reproductive tissues, and examine their potential for use in mapping and molecular breeding, in addition to functional diversity and genomics analyses within the Arecaceae family.
Results and discussion

Characteristics of SSRs derived from oil palm ESTs
A total of 12 cDNA libraries constructed from tissues representing different stages of reproductive and vegetative development of the oil palm including the shoot apex, embryogenic cells, somatic and zygotic embryos, male and female inflorescences were analyzed for the presence of SSRs (Table 1) [15] [16] [17] . In addition, two of the libraries, including those from the shoot apex (library A1) and from the male inflorescences (M2), were derived from oil palm material that exhibited the mantled abnormality phenotype, [15, 16] . From a total of 7,376 redundant ESTs, interlibrary cluster analysis resulted in the identification of 6,103 (83%) unigenes comprised of 4,967 singletons and 1136 contigs ( Table 2 ). There were 465 (8% of total unigenes) SSRs found within a total EST sequence of 2,652,262 bp, which corresponds to one SSR for every 5.7 kb of EST sequence. This is higher than the frequencies found previously of 7.7 kb, 8.2 kb and 9.6 kb in oil palm [5, 7, 8] . In the present study, there were 25 compound SSRs, including 24 doubles and one triple. As previously reported for oil palm the most abundant were those with di (36%) motifs, followed by, tetra (29%), tri (24%), hexa (7%) and penta (5%) motifs ( Figure 1a ). EST-SSRs with tetra motifs were also abundant in one previous study [6] , while very few were observed in other studies [7, 8] . The reasons for the discrepancy between the studies are unknown but may be due to differences in the parameters selected for searching for SSRs in the EST sequences. Almost 90% of the dinucleotide SSRs had a ga/ag/tc/ct motif, which confirms what was previously shown for oil palm [6] [7] [8] (Figure 1b ). Annotation of the SSR-containing ESTs resulted in a total of 538 GO annotations for 264 unigenes, whereas 201 had no similarities to known sequences in the public databases ( Table 2) . Annotation with GO terms revealed that the ESTs with SSRs were related to a diverse range of putative biological processes, molecular functions and cellular localizations ( Figure 2 ). The largest portions of ESTs were annotated with the GO Biological Process Annotations and Molecular Function Annotations for metabolic (32% and 21% respectively) and cellular (31% and 20% respectively) processes mostly localized intracellularly (19%) within intracellular particles (17%) or organelles (16%).
From earlier studies, a total of 544 genomic SSRs were identified from a total of 378 unisequences, or 243,943 bp [9, 10] . The distribution of the repeat number for SSR dinucleotide motifs found in the genomic SSRs was different between the EST-SSRs and the genomic SSRs ( Figure 1c ). Indeed, a peak of 6 repeats (the minimum repeat number cut-off parameter used to search for SSRs) was observed for the dinucleotide EST-SSRs, while the genomic dinucleotide SSRs had a distribution peak at 17-18 repeats. A higher quantity of low repeat numbers in the coding versus genomic SSRs may reflect the higher selective pressure of the coding portion compared to the noncoding portion of the genome.
SSRs that detect polymorphisms within LM2T and DA10D crosses
Of the 465 EST-SSRs found within the unigene set, 316 had possible PCR primer pairs identified and designed in flanking sequences. The LM2T and DA10D parent lineages are currently used for dura × pisifera crosses in a reciprocal recurrent selection scheme developed for oil palm [18] and also served as the reference cross for the genomic SSR based oil palm genetic map [9] . Therefore, we tested and compared the polymorphisms of 289 EST-SSRs (including all ESTs with annotations) identified in the present study with the polymorphisms revealed by non-coding SSRs described previously [9] , using the LM2T and DA10D mapped parents and their progeny. A total of 230 (79%) primer pairs designed from the Trees exhibited mantled flower/fruit phenotype 2 Somatic embryos developed on solid media with or without 3 6-benzylaminopurine for one week were used to make two libraries 4 Embryogenic cells grown under proliferation and somatic embryogenesis 5 initiation conditions See references for further details of material in this type of cross between two heterozygous parents ( Figure 3 ). In comparison, from the 391 genomic SSR primer pairs tested previously, there were 278 (71%) loci polymorphic on the same reference cross, with more loci of classes 4 to 9 (43% compared to 27%) heterozygous on both mapped parents. This result suggests that, among the relatively small proportion (7.6%) of SSRs found in unigenes, rather few of these latter, and far less comparatively to genomic SSRs, can actually be mapped on a given genome using SSR markers, at least with the genetic material tested in this study. Therefore, the use of SSRs within EST resources may not be the most efficient method to develop a large number of intragenic markers. However, SSRs remain an important type of polymorphic marker for mapping, in particular for species that lack genome sequence data, and in combination with the range of new polymorphic markers potentially available [20, 21] . Of the 88 EST-SSR flanking primer pairs that detected a polymorphism, 48 ESTs had no similarities to sequences in available databases, 34 had sequence similarities and could be assigned putative functions based on categories described previously [22] , while 6 ESTs were similar to sequences with unknown, unnamed, hypothetical or expressed proteins (Table 3) . A detailed annotation of the sequences revealed that the most highly represented functional group (13 of 40, or 32%) was transcription and post-transcriptional regulation, followed by five ESTs with similarities to sequences involved in protein destination and storage, and three involved in signal transduction, cell structure and disease and defense, respectively. Annotation with GO confirmed that the highest proportion of ESTs had functions related to nucleic acid binding, followed by protein binding (Figure 4 ). Other polymorphisms were found in sequences involved in cell growth and division, cell structure, disease and defense, energy, intracellular traffic, protein synthesis and transport (Table 3 ). An examination of the position of the SSRs within the transcripts revealed that the majority (18) was within the open reading frame (ORF) of the transcript, while eleven were within the 5' untranslated region (UTR), eight within the 3' UTR and 3 overlapped between the 5' UTR start codon and the ORF. Therefore, the majority of the SSRs identified affect the amino acid sequence of the gene product and thus may alter the gene function via a frameshift mutation, while the remainder of the SSRs found in the UTR regions could have an effect on transcription, translation or splicing of gene products [5] .
An examination of the distribution of the EST-SSRs found from the vegetative and reproductive libraries used in the present study revealed five EST-SSRs were derived from the apex (A01 and A11), three from the female inflorescence (F01), fourteen from the male inflorescence (M01, M11 and M21), eighteen from the somatic embryo (E11, E21, S31 and S41) libraries, while no SSRs were found in the sequences from the zygotic libraries (Tables 1 
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Also shown are the SSR primer pairs that detect polymorphisms in reference breeding material and the position of the SSRs within the transcripts 1 Annotation was assigned to sequences as previously described [16] ; 2 all sequences are in coding sense; 3 most similar sequence from BLASTX analysis is indicated and 3). EST-SSR markers that are associated with a given vegetative or reproductive phase may be useful for studies focused on the inter-and intra-specific functional diversity underlying these tissues in the Arecaceae family.
Transcriptional regulation, in particular through the activity of transcription factors, is known to play a central role in the plant growth and development, and during the evolution of plant form [23, 24] . A survey of the SSRs in the genome of rice and Arabidopsis indicated that amongst the most common GO categories were those related to the nucleus, transcription factor activity, nucleotide binding and DNA binding [4] . Furthermore, a study with humans also found an enrichment in variable repeats in transcripts involved in transcriptional regulation and development [25] . In the present study, SSR polymorphisms were detected in 6 transcripts that encode proteins similar to those that interact with RNA (spliceosome or RNA binding proteins), five similar to transcription factors (TF) including AP2-like, bZIP, zinc finger, MADS-box, and NAC-like TFs, and two transcriptional regulatory proteins including a PHD finger family protein and a retinoblastoma-binding protein. Interestingly, transcriptional regulators are not only central to the evolution of plant form, but also are associated with domestication of crop species [23, 26] . In particular, MADS-box genes were frequent targets of selection during maize domestication [27] . The high number of polymorphisms in transcripts that encode proteins involved in transcriptional regulation in oil palm elite breeding material raises the question of a possible relation to the improvement gained from the reciprocal recurrent selection scheme developed for oil palm. However, the relatively low number of ESTs examined must be taken into account and a conclusive analysis awaits the availability of the genomic sequence of oil palm. Future objectives include the examination of the phenotypic consequences of these SSRs in different oil palm genetic material, and within the Arecaceae family as a whole to determine their relevance to the functional diversity observed.
Conclusions
SSRs in transcripts encoding proteins involved in transcriptional regulation and other functions found from the current study provide pertinent markers for applications such as mapping, molecular breeding and QTL analysis, in addition to the potential for uses in functional diversity studies within the oil palm and between other palm species. In particular, the identification of SSRs in transcripts related to transcriptional control will allow studies aimed at understanding the functional role of these genes in relation to the emerging domestication of the oil palm. However, it should be noted that due to the limited proportion of polymorphic SSRs present in the coding regions, it is important to develop the full range of other potential polymorphic markers in order to combine structural and functional genomics studies on a large genome-scale to allow marker-assisted selection in oil palm.
Methods
Plant material production
The preparation of embryogenic suspension cells and RNA extractions for the suppression subtractive hybridization (SSH) library constructions from the 30-day proliferation cycle and after 16 days of liquid pretreatment to initiate somatic embryogenesis was performed and described previously [17] . In addition, a portion of pretreated embryogenic suspension cells initiated to undergo somatic embryogenesis was plated on solid agar plates containing the basal medium with or without 6-benzylaminopurine (synthetic cytokinin) for further somatic embryo development and collected after 7 days for RNA extractions and SSH library constructions. The material collected for the shoot apex, female and male inflorescences, and zygotic embryos for the unnormalized library constructions was described previously [16] . The material for the normal and abnormal male inflorescences SSH libraries was described and performed previously [15] . The zygotic embryos (3-5.5 months of development) were isolated from tenera palm seeds collected from trees (Deli x La Mé origin) cultivated at CRAPP Pobé Station, Benin.
cDNA library construction
The unnormalized libraries (A0, A1, F0, M0 and Z0) were constructed previously [16] and the SSH libraries were constructed as described previously [17] . The zygotic embryo normalized SSH library was constructed using cDNA made from RNA extracted by RNAeasy lipid (Qiagen) from zygotic embryos ( Table 1 ). The same cDNA was used for both the driver and tester library normalization.
EST generation, analysis, annotation and data mining to identify SSR markers
The ESTs originating from the SSH cDNA libraries (Table 1 , libraries E1, E2, M1, M2, S3, S4 and Z1) were generated using standard high throughput sequencing by GATC Biotech AG, Germany. The DNA templates were subjected to single pass automated sequencing using the ABI3730 (Perkin Elmer, Foster City, CA, USA). The sequences were then subjected to an automated procedure to verify cleanse, store and analyze sequences as previously described [16] . The automated analyses allowed the identification of potential unigenes (contigs plus singletons) through simultaneous cluster analysis. Finally, to assign putative functions to the ESTs, BLASTX http://www.ncbi.nlm.nih.gov/BLAST/ was used to compare sequences with the GenBank non-redundant protein sequence database as previously described [28] . The ESTs were manually assigned to functional categories based on a previous catalogue system [22] . In addition, Gene Ontology (GO, http://geneontology.org/)-based annotation was performed using Blast2GO to assign GO molecular function, biological process and cellular component terms [29] . The sequences were analyzed using BLASTX against a GO-based plant uniprot database with an Evalue cutoff of 10 -10 . To identify SSRs within the oil palm EST collection, the online SSR Analysis Tool (SAT; http://sat.cirad.fr/sat) with the default parameters for the SSRIT program was used [30] . The complete list of Elaeis guineensis EST-SSR loci with their EST GenBank accession numbers, derived primer pairs, melting temperatures and predicted PCR product sizes are included in Additional file 1: Table S1 . An annealing temperature of 52°C and an MgCl 2 concentration of 0.6 mM was used for the PCR reactions performed as described previously [9] . The ESTs from the libraries E1, E2 and Z1 were submitted to GenBank and were assigned the accession numbers JK668500-JK669437, JK669438-JK669618 and JK668122-JK668499 respectively.
Additional material
Additional file 1: Table S1 . List of 289 Elaeis guineensis EST-SSR loci with their EST GenBank accession numbers, derived primer pairs, melting temperatures and predicted PCR product sizes.
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